"Quorum sensing" refers to a signaling mechanism used by many bacteria to monitor cell density. The bacteria release small signal molecules into the environment, and they respond once a threshold level of the signal accumulates. Various bacteria use quorum sensing to regulate diverse activities, such as luminescence, motility, protease expression, antibiotic production, and biofilm formation (13) . Many of these activities are thought to be most effective when coordinately expressed by many bacteria (2) . The first quorum-sensing system characterized was the Vibrio fischeri LuxIR system, in which accumulation of an acyl-homoserine lactone (HSL) signal leads to the induction of luminescence (30) . Since that time, dozens of other bacterial quorum-sensing systems have been identified, including those that utilize different signal molecules, such as oligopeptides (8) . Some bacteria have multiple systems that can be either independent or integrated. Examples of such integration include parallel systems that converge on the same regulators, or sequential ones in which one system regulates another in addition to its own target genes (27, 29) .
V. fischeri has two acyl-HSL quorum-sensing systems, the AinS system and the LuxIR system, which work together in a sequential manner ( Fig. 1) (15, 24, 47) . The signal synthase AinS produces octanoyl-L-HSL (C8-HSL) which, at threshold densities achieved in culture, will interact with the receptor AinR and initiate a signaling cascade. AinR binding of C8-HSL represses LuxO, allowing translation of the master transcriptional activator LitR (24) . With LuxO repressed, LitR is able to upregulate a number of genes, most notably luxR (14, 40) . LuxR can interact with C8-HSL to weakly induce transcription of the luxICDABEG operon, leading to a low level of luminescence and the production of 3-oxohexanoyl-L-HSL (3OC6-HSL) by LuxI (24, 38) . Once 3OC6-HSL accumulates to a sufficient concentration, it binds to LuxR, activating it and leading to an even greater induction of the LuxR regulon (11, 24) . While AinS regulates a number of activities through LitR, such as rpoS expression and normal motility, examinations of mutant strains have identified activities controlled by AinS independently of LitR, such as normal persistence in the light organ, indicating that LitR controls only one branch of the AinS regulon (14, 23, 40) . The sequential nature of this system gives V. fischeri the ability to differentiate between, and respond to, at least three bacterial population conditions: low cell density, when neither autoinducer is sensed; intermediate cell density, when only C8-HSL is sensed; and high cell density, when both C8-HSL and 3OC6-HSL are sensed. In environments that support the growth of V. fischeri, this sequential arrangement also leads to temporal control over the expression of various genes (1, 23) .
V. fischeri exists both free living in seawater and as a bioluminescent symbiont in the light-emitting organs of certain species of squid and fish (21) . In V. fischeri ES114, a symbiont of the Hawaiian bobtail squid, Euprymna scolopes, the AinS quorum-sensing system controls a number of symbiotic activities. ainS mutant cells are delayed in initiating the colonization of juvenile squid and, in a separate response, they persist poorly beyond the first 24 h of colonization (23, 24) . The mechanisms underlying these defects are unknown. In addition, when cultured in a rich medium, the ainS mutant was reported to have a lower growth yield than wild-type cells, although no specific cause for this difference was identified (23, 24) . We hypothe-sized that the latter result reflects a problem in normal metabolism, i.e., the AinS system directly or indirectly controls an important metabolic pathway associated with efficient metabolism.
The initial experiments described here led us to suspect a defect in the acetate switch, a central regulatory mechanism present in bacteria (50) . The acetate switch in Escherichia coli and Salmonella enterica has been well studied, and it describes the shift that occurs as cells change from net excretion of acetate to net uptake and utilization of acetate. This switch is most directly regulated by acetyl coenzyme A (acetyl-CoA) synthetase (Acs). Acs converts acetate to acetyl-CoA, trapping the metabolite in the cytoplasm and making it available for both catabolic and anabolic processes. Although the regulation of acs and the acetate switch is a complex process and is not fully understood, the induction of acs is largely independent of the extracellular acetate concentration and is instead linked to the nutritional state of the cell. Identified regulators include RpoS and cyclic AMP receptor protein (CRP) (3, 20, 39, 50) . We report here that the previously described growth defect of an ainS mutant of V. fischeri is due to accumulation of extracellular acetate caused by low acs transcription and the absence of a functioning acetate switch. In this manner, the acidification of the medium points us to a novel connection between cell-cell signaling and metabolic homeostasis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains and plasmids used in this work are listed in Table 1 . V. fischeri strains are derivatives of ES114 and were grown at 28°C in a seawater-based tryptone (SWT) medium (per liter, 5 g Bacto-tryptone, 3 g yeast extract, 3 ml glycerol, 700 ml filtered Instant Ocean [Aquarium Systems, Inc, Mentor, OH], and 300 ml distilled water) (4) for all experiments, except as otherwise noted. For mutant construction and plasmid selection and maintenance, Luria-Bertani salt medium (16) was used. Escherichia coli strains used in construction of plasmids were grown at 37°C in either LuriaBertani medium (36) or brain heart infusion medium (BD, Sparks, MD). Media were solidified with 1.5% agar as needed. When appropriate, antibiotics were added to media at the following concentrations: erythromycin (Erm), 5 g/ml for V. fischeri and 150 g/ml for E. coli; chloramphenicol (Cam), 5 g/ml for V. fischeri and 25 g/ml for E. coli; and kanamycin (Kan), 100 g/ml for V. fischeri and 50 g/ml for E. coli. 3OC6-HSL was obtained from Sigma-Aldrich Corp. (St. Louis, MO); C8-HSL was obtained from Aurora Biosciences (Coralville, IA). Other medium reagents were purchased from Fisher Scientific, Inc. (Fair Lawn, NJ).
Isolation of an acs mutant. In the first published V. fischeri ES114 genome (GenBank accession no. CP000020.1), acs was reported to be encoded by two open reading frames (ORFs), VF2383 and VF2384 (35) , and we therefore suspected that errors existed in the description of the acs locus of ES114. PCR amplification and subsequent sequencing identified frameshift errors in the original sequence, confirming that acs is encoded by a single ORF in ES114, with the new locus tag of VF_2383. The updated sequence (GenBank accession no. CP000020.2) has been published separately as part of a resequencing/reannotation study (26) .
During the construction of a transposon mutant library of V. fischeri strain ES114, strains containing insertion mutations in acs were isolated by random transposition into the ES114 genome, followed by identification of the mutants of interest as follows. Transposition was achieved by conjugation with plasmid pMJM10, which encodes (i) a hyperactive Tn5 transposase, an origin of transfer with RP4 transfer functions (oriT RP4 ), and Kan resistance on its backbone; and (ii) a Tn5 transposon that encodes oriV R6K␥ and Erm resistance. In brief, multiple independent conjugations were conducted by standard methods (45) , and Erm r V. fischeri colonies were individually arrayed in 96-well microplates. Colonies that were Kan r were eliminated, and the remaining mutant collection was frozen. Twenty of the Erm r Kan s mutants were studied by Southern blotting and verified to contain single insertions (data not shown).
To identify acs mutants in the collection (MB Mutant Collection), we conducted PCRs with 96 template pools of mutants, each of which containing 96 mutants (a total of 9,216 mutants screened). In a variation on the genetic footprinting strategy (42) , one primer, MJM-127 (5Ј-ACAAGCATAAAGCTT GCTCAATCAATCACC), was targeted to both ends of the transposon, facing outward, whereas the other primer, MJM-219 (5Ј-GTAAGTTTGTTCAAAGC GGTCAT), was specific to the 3Ј end of the acs gene, facing upstream. Amplification was conducted using Platinum Taq DNA polymerase High Fidelity reporter fusion, the region of DNA from 471 bp upstream and 110 bp downstream of the V. fischeri acs gene start site, including the predicted promoter region, was PCR amplified using primers 5Ј-ACATGCATGCAGATCGAGCT TGCTTGCGTCAT and 5Ј-GACTAGTCCTTCAGGGTTGATAACGGAT TGC, which contain SphI and SpeI restriction sites (underlined), respectively. The PCR product was isolated, digested, and ligated into SpeI/SphI-digested pAKD701, which contains a promoterless lacZ gene, by using standard genetic techniques. The insertion was confirmed by PCR analysis. High-performance liquid chromatography (HPLC) analysis. V. fischeri strains were cultured in the indicated liquid media, and 1-ml samples were taken at the times indicated. The samples were processed as previously described by Weimer et al. (49) and were analyzed by the Weimer laboratory (University of Wisconsin-Madison).
␤-Galactosidase assay. Plasmids pAKD701 and pSVS101 were introduced into the strains indicated by triparental mating as previously described (44) . Strains were cultured in SWT medium, and ␤-galactosidase activity was measured from three independent cultures at the time points indicated (see Fig. 2 ), using a microtiter dish method modified from Slauch and Silhavy (41) . Cellpellets were frozen at Ϫ20°C before resuspension, and the sodium dodecyl sulfate/chloroform step was omitted. The A 420 values of the wells were read every 30 s for 1 h using a GeniosPro 96-well plate reader (Tecan, Research Triangle Park, NC). The relative units of ␤-galactosidase activity were calculated using the following formula: rate (V max )/(optical density at 600 nm [OD 600 ] ϫ volume [ml]).
Colonization assay. Newly hatched squid were placed in 100 ml of 0.2-mfilter-sterilized seawater (FSW) containing the appropriate strain or combination of strains at approximately 2,000 CFU/ml. A control group of animals was placed into uninoculated FSW. The single-strain treatments were incubated with the inoculum overnight, while the competition animals were transferred to fresh, uninoculated FSW after 3 h. All animals were transferred to fresh FSW at 16 h postinoculation and sacrificed at 48 h postinoculation and stored at Ϫ80°C. Individual animals were homogenized, and the homogenate was diluted and spread onto SWT agar, which was incubated overnight. The colonies were counted, and the mean number of CFU per light organ was calculated. For the competition experiments, about 100 colonies were patched onto selective media to determine the ratio of mutant to wild-type CFU present. The relative competitive index (RCI) was determined by the following formula: (final ratio, mutant CFU/wild-type CFU)/(initial ratio, mutant CFU/wild-type CFU).
Motility assay. The swimming behavior of V. fischeri was determined by growing strains in SWT medium to approximately 0.3 OD 600 . The cells were collected by centrifugation of 1 ml of the culture, and the cell pellet was washed with a defined seawater minimal medium (MM) base (23) and suspended in MM to 0.3 OD 600 . Three microliters of each culture was spotted onto the surface of a 0.25% agar plate containing MM supplemented with 0.3% Casamino Acids. The diameters of the rings of migrating cells were examined after 8 h.
RESULTS
The ainS mutant acidifies the medium to lethal levels. To examine the basis of the growth yield defect of an ainS mutant, cells of a wild-type isolate of V. fischeri (strain ES114, isolated from a squid light organ) and its ainS mutant derivative were grown in SWT medium overnight, after which the OD and viable counts (CFU/ml) were determined. The ainS culture not only had a relatively low OD yield, as previously noted (24), but also had no viable cells, as determined by CFU (Table 2) . A measurement of the culture pH revealed that the ainS cells had acidified the medium to a lethal pH of about 4.6, whereas the wild-type culture showed no loss of viability and did not reduce the medium pH ( Table 2 ). The acidification and subsequent loss of viability were not observed upon the addition of a buffer (50 mM Tris-HCl) to the growth medium (data not shown), further suggesting that acidification is the cause, and not a result, of the cell death. Consistent with previous results (23, 24) , ainS mutants carrying a complementing ainS ϩ allele in trans and wild-type cells grew similarly (data not shown), suggesting that the acidification is not caused by a secondary mutation. It remained possible that the wild-type phenotype was caused not by the cells sensing the signal but instead by the synthesis of the C8-HSL molecule, by consumption of the acid released by the ainS cells, for example, or by excretion of an alkaline product. However, the addition of 40 nM of the C8-HSL signal to the culture medium of an ainS culture also restored the growth yield, viability, and pH to wild-type levels ( Table 2 ), indicating that acidification by the ainS strain is a result of the absence of accumulation of extracellular C8-HSL signal and not a result of blocking the synthesis of the signal. Signal transduction through the AinS pathway is therefore required for proper pH homeostasis in cultures of V. fischeri.
Culture acidification by the ainS mutant becomes apparent during mid-exponential phase. To determine when medium acidification and cell death occur in an ainS culture, the OD, pH, and CFU/ml of both the wild type and the ainS derivative were monitored during 16 h of growth in SWT medium (Fig.  2) . The pH of both cultures dropped during the period of early exponential growth, with a difference between the two becoming apparent at 6 h; by 8 h, a difference between the ODs of the two cultures had begun to become evident. At 10 h after inoculation, the pH of the ainS culture reached its lowest point and was soon followed by a dramatic drop in CFU/ml. The initial rate of acidification by the wild-type cells was more moderate than that of the ainS culture, and the acidification was reversed starting between 8 and 10 h of growth. Eventually, the pH of this culture reached a level that was higher than that of the uninoculated medium. This increase in pH of the wild-type culture is likely due to net production of ammonia resulting from the catabolism of amino acids in the medium, and it suggests that these cells may have produced acids while growing on the glycerol in the medium and then switched to utilization of the peptides and production of ammonia later in growth (50) .
The ainS mutant accumulates acetate in the culture medium. Because earlier studies of V. fischeri acidification of a different culture medium identified accumulated pyruvate as the cause of low culture pH (34), we examined the organic acids present in cell cultures to determine which, if any, were responsible for the ainS culture acidification. Cell-free over- Table 3 . Of the levels of organic acids detected, only those of acetic acid differed between the wild-type and ainS cultures, reaching 14 mM in the mutant culture. The addition of acetic acid to uninoculated SWT medium to this concentration produced a pH of 3.5, indicating that the presence of the acetic acid is sufficient to account for the pH drop caused by growth of the ainS strain. Because the wild-type culture, like that of the ainS mutant, acidified the medium during early exponential phase (Fig. 2) , the culture supernatants of these two strains were analyzed at 4-h intervals to determine whether the early acidification was also caused by acetate excretion (Table 2) . Four hours after inoculation, the wild-type and ainS cultures had accumulated similar amounts of acetate (between 5 and 7 mM); however, the acetate level in the wild-type culture decreased dramatically by 8 h, while that in the ainS mutant culture continued to rise. This result indicated that both wild-type and ainS cells initially excrete acetate into the extracellular medium, but only wild-type cells are able to subsequently remove the acid.
Wild-type cells remove acetate from the medium following acs induction. The metabolic behavior of wild-type V. fischeri (Fig. 2) is similar to that of E. coli growing on a mixture of acetogenic and nonacetogenic compounds (50) . To determine whether acetate removal by V. fischeri is associated with the acetate switch, i.e., with the induction of acs, a transcriptional fusion of the V. fischeri acs promoter region (Fig. 3B) to a promoterless lacZ gene was constructed on a plasmid that was conjugated into wild-type and ainS strains. The resulting reporter strains were used to determine the relationship between the kinetics of acetate accumulation and acs expression (Fig.  3A) . Growth rates of all the strains were the same regardless of the presence of the fusion plasmid or the empty vector (data not shown). Both wild-type and ainS cultures began to accumulate extracellular acetate by 2 h postinoculation, and the cultures accumulated similar amounts until 4 h. The wild-type culture showed a net decrease of acetate in the medium after 5 h and had removed almost all by 10 h. In contrast, the ainS mutant continued excreting acetate until approximately 13 h, by which point the concentration was 13 mM. Induction of acs expression could be detected for wild-type cells as early as 4 h, preceding the appearance of net acetate removal, which was seen 2 h later. In the ainS cells, acs was barely detectable across most of the growth curve. There was, however, a small but reproducible increase in acsЈ-lacZ ϩ expression in the ainS cells between 5 and 7 h (Fig. 3, inset) , indicating that transcription may still be responding to other, unknown, and relatively minor, activators of the acetate switch.
The acidification phenotype is regulated through LitR and is independent of LuxR signaling. To determine the pathway through which acs expression and acetate utilization are regulated, we examined the final culture pH of strains of V. fischeri with mutations at various points in the quorum-sensing pathway. As expected, the luxO mutant, which would signal downstream transcriptional activators even in the absence of C8-HSL, does not produce excess acid. Consistent with the
FIG. 2. Growth characteristics of an ainS mutant of V. fischeri.
Growth in SWT medium of wild-type (circles) and ainS (squares) cells was monitored. At the indicated time points, samples were removed and the OD 600 (A) and pH (B) were measured, and an aliquot was diluted and plated to determine CFU/ml (C). The pH of an uninoculated flask remained between 7.3 and 7.5. The average results of two separate experiments was plotted. proposed model, an ainS luxO double mutant also resembles wild-type cultures, indicating that the control of acs is signaled downstream of LuxO. The litR mutant, which still produces and senses the AinS signal, C8-HSL, but cannot produce the transcriptional activator LitR, acidified the culture in a manner similar to that of ainS ( Table 2 ), suggesting that the LitR branch of the AinS signaling pathway regulates acs activity (Fig. 1) . Complementing the litR mutant with the litR ϩ gene on a plasmid restored wild-type growth in culture (data not shown). In contrast, neither the luxR nor the luxI mutant acidified the medium, but instead, each grew like the wild type. In addition, an rpoS mutant was tested and found to have a wild-type phenotype (data not shown), indicating that the LitR and AinS control of acidification is not through rpoS. Taken together, these data indicate that the control of acs expression by AinS is regulated at a point downstream of LitR but is independent of LuxIR quorum signaling. Therefore, the LitRdependent pathways that regulate luxR and acs are distinct.
C8-HSL, but not 3OC6-HSL, induces acs-lacZ
؉ expression in the ainS mutant. To examine the effect of acyl-HSL quorum-sensing signals on acs expression in V. fischeri, bacteria were grown in media supplemented with synthetic C8-HSL or 3OC6-HSL. The addition of 40 nM of either signal to wild-type cultures had no effect on acsЈ-lacZ ϩ expression (Fig. 4) . In contrast, the addition of the C8-HSL signal to ainS mutant cells restored acsЈ-lacZ ϩ expression to wild-type levels (Fig. 4), showing that, like acidification, the absence of normal acs induction in the ainS mutant results from the lack of signal accumulation and not from a secondary mutation or from a disruption caused by blocking signal synthesis. As expected, the addition of 3OC6-HSL to the ainS mutant culture had no effect on acs expression. Consistent with the position of LitR downstream of the C8-HSL receptor in the signal cascade (Fig. 4) , C8-HSL addition had no effect in the litR mutant background. Consistent with the culture phenotype, the acs expression level of the ainS luxO mutant was partially restored, to twice the level observed for the ainS mutant (data not shown). Though expression was not fully restored, this level of expression is sufficient to lead to the removal of excess acetate before it reaches lethal levels ( Table 2) .
The V. fischeri acetate switch is repressed by glucose. Because the acs promoter region in V. fischeri contained putative CRP binding sequences (Fig. 3B) , we examined acs expression in wild-type cells grown with and without glucose to determine whether similar repression levels occur under these conditions. Because V. fischeri produces excess pyruvate when grown on glucose (34) , comparisons based on culture OD and pH were not performed, and the media used were buffered with 50 mM Tris-HCl. Wild-type cultures were grown in buffered SWT medium with or without added 0.3% glucose, and acs expression was determined at 8 h. The culture grown with glucose reached only 14% of the level of acsЈ-lacZ ϩ expression that was found with cells grown without glucose. This difference in yield suggests that, as in E. coli, glucose may repress the V. fischeri acetate switch by inhibiting CRP binding to the acs promoter. The addition of a saturating concentration (120 M) of synthetic C8-HSL raised acs expression by only 1.5%, indicating that AinS signaling alone cannot overcome the effects of catabolite repression. A V. fischeri CRP mutant was examined to confirm the role of this activator in acs expression; however, the extremely poor growth of this strain prevented any meaningful conclusions.
The acs mutant is unable to utilize acetate. When the growth of the acs mutant of V. fischeri in SWT medium was examined, it was similar to that of the wild type, with a final OD 600 of 8.3, and a pH of 7.8. When the culture supernatant was analyzed by HPLC, we found that, like the wild type (Table 3) , the culture These results are consistent with reports that less acetate is produced by an E. coli acs mutant than by the wild type (9) . V. fischeri is unable to grow on acetate as a sole carbon source, but it can utilize it in the presence of other nutrients. To determine whether the acs mutant retains the ability to use acetate, we determined the effect of acetate addition on the yield of wild-type and acs cultures grown in a MM with a limiting concentration of Casamino Acids (0.1% [wt/vol]). The final yield of the wild type was almost two times higher with added acetate (Fig. 5) , indicating its ability to consume and utilize this nutrient. In contrast, while an acs culture grows as well as the wild type on Casamino Acids alone, the addition of acetate produces only a minor yield increase. Taken together, these data suggest that the acs mutant has a significant defect in acetate utilization.
acs mutants are not hypermotile. To determine whether alterations in the acetate switch are responsible for the previously observed hypermotility of ainS and litR mutants (23), the swimming behavior of the acs mutant was examined by soft agar motility assay. As expected, the extent of migration of the ainS strain was 2.7 times that of its parent; in contrast, the extent of migration of the acs mutant was 0.92 times that of its parent. These observations indicate that the hypermotility phenotype of the ainS and litR mutants is not a result of misregulation of the acetate switch.
acs mutants show a competitive defect in animal colonization. In single-strain inoculation assays, the acs mutant reached the same levels of symbiotic light organ colonization as its wild-type parent at 48 h, suggesting that this mutant was able to proliferate in the environment of the light organ. However, in a more challenging colonization assay, newly hatched squid were coinoculated with equal numbers of the acs mutant and wild-type cells. Forty-eight hours after inoculation, the symbiont population was dominated 3.6-fold by wild-type cells (log RCI, Ϫ0.55 Ϯ 0.24), and this competitive disadvantage was still evident at 72 and 96 h postinoculation. Thus, the capacity to employ the acetate switch to adjust its metabolism is an important part of a symbiont's adaptation to the conditions in the light organ.
DISCUSSION
The work presented here yields a number of interesting conclusions. It is the first report of quorum-sensing control of the acetate switch and greatly informs our understanding of the relationship between these two regulatory systems. These results not only explain the previously observed growth defect of the ainS mutant but also extend our understanding of the architecture of the ainS signaling pathway and suggest that quorum sensing, and LitR in particular, has a more critical role in cell homeostasis than previously thought. Thus, it appears that regulation of the acetate has an additional layer that had not been anticipated, namely, the integration of extracellular signaling that is independent of the metabolic state of the cell. Finally, we have confirmed a role for acs in the squid-vibrio symbiosis, underscoring the importance of the acetate switch in the adaptation of V. fischeri to this niche and providing a potential model system for investigating the role of the acetate switch in host-microbe associations.
The acetate switch is used by bacteria to balance the excretion and utilization of acetate; more generally, this regulation allows the cell to effectively manage nutrient resources. Bacteria excrete acetate (in the form of acetic acid) when the flow of carbon through glycolysis exceeds the capacity of the tricarboxylic acid cycle to utilize and recycle the resulting products. This condition arises either because of a high rate of glycolysis or because one or more steps in the tricarboxylic acid cycle is slowed or blocked (50) . As nutrient conditions change, these bacteria can switch their metabolism and begin assimilating extracellular acetate through the action of Acs. This switch allows the cell to efficiently utilize available nutrients, even turning a waste product into a carbon and energy source, as well as managing the levels of acetate and acetyl-CoA. These compounds are important both as central metabolites and, along with acetyl-phosphate, in signaling within the cell through changes in their ratios (50) . This signaling can affect processes such as phosphate acquisition and motility (32, 50) .
acs regulation by quorum sensing. To our knowledge, this is the first report of quorum signals regulating the acetate switch, adding an important class of environmental sensing and response elements (i.e., autoinducers) to the list of control mechanisms for this critical metabolic shift point. For E. coli, a number of regulators of acs have been identified. Most are either direct or indirect indicators of the physiological state of the cell, such as the catabolite repressor protein CRP, and nucleoid proteins FIS and IHF (3, 6) . Except as it affects the nutrients available to the cell, the extracellular environment of the cell has not previously been shown to have a direct impact on the acetate switch itself (50) . Here, we have identified an extracellular signal that, in V. fischeri, is required (though not sufficient) for typical induction of acs and is produced and sensed regardless of the physiological state of the cell. This discovery suggests that for V. fischeri, at least, the extracellular environment has an impact on this central metabolic switch point. It is unknown whether such regulation is restricted to V. fischeri or will be found for other organisms as the switch is studied in more species (50) .
The two quorum-sensing systems in V. fischeri have previously been shown to be sequential, with control over different activities (23, 24) . The work reported here identifies another gene, and with it an entire metabolic system, that is regulated by LitR, further discriminating the two quorum-sensing systems (Fig. 6 ). The timing of the induction of acs is consistent with the induction of luminescence (24), which is also regulated though LitR; however, it is difficult to draw any conclusions as to the basis of this cooccurrence. Acs is not regulated through LuxR, further supporting the notion that these two quorum-sensing systems do not work in a parallel manner or as coincidence detectors converging on the same regulators, as is the case for quorum sensing in Vibrio harveyi and Vibrio cholerae (18, 28, 29) . In contrast, and similar to the V. fischeri system, both the Vibrio anguillarum and the Pseudomonas aeruginosa quorum-sensing systems operate sequentially (29, 43) . In the latter species, for instance, the Las system controls expression of the downstream Rhl system. Such a sequential arrangement suggests that these species must respond in different manners to different cell densities. It remains unclear how LitR controls acs expression. Though this regulator's binding site at the luxR promoter has been identified, no "LitR box" sequence has been identified that can account for all LitR-regulated genes (14, 40) . Thus, a bioinformatic examination of the acs promoter region has failed to indicate whether LitR might directly activate acs, and it is possible that LitR controls an intermediate gene that is responsible for acs induction. The glucose repression of the acetate switch and the small induction of acs in ainS cultures (Fig. 3) indicate that regulators besides LitR also play a role in modulating the acetate switch. We conclude that quorum sensing has been integrated into a major role in the control of the V. fischeri acetate switch.
Role of acs regulation in symbiosis. Previous studies have shown that quorum sensing in V. fischeri controls functions important for host interactions, such as luminescence and motility (23, 48) (Fig. 6) ; we report here that quorum sensing is also involved in controlling the bacterium's cellular homeostasis. The latter role may reflect the fact that in nature, bacteria experience high population densities only under certain conditions, such as during an association with a host. We hypothesize that V. fischeri has coopted quorum sensing as a mechanism to control different nutrient acquisition strategies in different environments. Under moderate to high cell density, V. fischeri is poised to utilize extracellular acetate through the activation of acs by the AinS/LitR quorum-sensing pathway. Our data suggest that nonsymbiotic V. fischeri free-living in the seawater would fail to activate acs to levels sufficient for the utilization of extracellular acetate, forcing cells to use different sources of carbon or to enter periods of quiescence. Such a model is testable and allows us to pose future questions to examine the role of acetate utilization during different stages of growth by V. fischeri populations. Additionally, the "diffusion-sensing" model (19, 33) postulates that conditions other than bacterial population levels may, at least theoretically, be able to alter the sensing of quorum signals. The acetate switch will be most metabolically efficient if the excreted acetate remains in the cells' immediate environment. As such, parameters including both cell density and extracellular diffusion rate are likely to be relevant to its control. Acetate utilization not only may be a direct nutritional benefit to the individual bacterium but also may benefit the population by removing this acidifying waste product before it reaches toxic levels. It is of note that acs is controlled by the lower-density quorum-sensing system (AinS), which would be most sensitive to differences in diffusion. In contrast, LuxIR, the hallmark quorum-sensing system in V. fischeri, is likely to be induced only if the local diffusion rate is low enough that the AinS signal threshold can be maintained.
Because the cell densities required for activation of the quorum-sensing systems in strains like V. fischeri ES114 may occur in nature only during association with a host (4), it has been thought that many, if not most, quorum-controlled activities in this species are important for establishing or maintaining these associations (1). However, it is unclear what role the acetate switch has in the squid-vibrio symbiosis. When inoculated as a clonal population, acs mutants are capable of initiating colonization and establishing a normal population size in the light organ, indicating that the acetate switch is not crucial for symbiosis. However, the competition defect of the acs mutant clearly indicates that there is a disadvantage to cells with improperly regulated acetate metabolism. We expect that the threefold defect we detected after only 2 days would be more dramatic over longer periods, as this association is a long-term mutualism that lasts the lifetime of the host (Ͼ6 months). Because the ability to efficiently utilize the available nutrients is an important part of any bacterial-host association, such a disadvantage is not surprising.
Newly hatched squid do not encounter clonal populations of environmental V. fischeri, so a defect in the acetate switch would be detrimental to a bacterium in nature. It also remains possible that the acetate switch takes on an even greater importance later in symbiotic development (i.e., in the adult light organ), when population levels and increased competition for nutrients may occur. Further research into the nutritional conditions of, and gene regulation within, symbionts in the adult light organ may inform our understanding of the coordination between the AinS system and the acetate switch, as well as the role of acetate regulation in maintaining symbioses in general.
The impact of acetate metabolism and host association has been examined with mammalian gut systems, where acetate is a major product of and substrate for microbial metabolism and can be taken up by the host (25, 50) ; however, in vivo experi- FIG. 6 . Model of AinS regulation of the acetate switch in V. fischeri. AinS signaling, which regulates an unknown activity(ies) required for persistent colonization in the symbiosis (23) , sits atop a phosphorelay cascade that ultimately leads to translation of the master regulator LitR. LitR, which controls luminescence and protease activity through LuxIR induction (1), also blocks motility, and it activates transcription of acs. By an independent route, LitR regulates an unknown gene(s) required for normal initiation of symbiosis (14) . One possible role of the acetate switch in symbiosis is the production and removal of acetate as a signal molecule in bacterium-host communication. Chemical interactions between microbes and animals are critical in establishing and maintaining symbioses. For example, in the mammalian enteric tract, bacterium-derived short-chain fatty acids can be absorbed by the host and, in addition to being used as a nutrient, can trigger tissue development and the maturation of innate immunity (7, 31, 37) . It is possible that colonizing cells of V. fischeri must present acetate at certain times or locations and that the ainS mutants may either secrete too much acetate or produce it at an inappropriate stage of symbiosis development.
This present study both expands our understanding of the impact of the AinS signaling on the physiology of V. fischeri and reveals a new strategy for regulation of the acetate switch in bacteria. Previous work on the acetate switch has identified a number of regulators that respond to changes in the metabolic state of the cell. In V. fischeri, this metabolic program is regulated by both the nutritional state of the cell and an extracellular, cell density-dependent signal.
